sible for Mxd repression (Cowley et al. 2004) . The Sin3 proteins function to recruit class I histone deacetylases (HDACs) and other factors also likely to be involved in transcriptional repression. The associations of Myc and Mxd/Mnt proteins with higher-order coactivator and corepressor complexes suggests that the transcriptional activities of Myc and Mxd/Mnt are due at least in part to histone modifications mediated by the recruited HATs and HDACs. Consistent with this are findings demonstrating that binding of Myc to its target genes results in increased acetylation in the vicinity of the binding site , whereas Mxd1 (Mad1) binding leads to histone deacetylation (Bouchard et al. 2001 ; for review, see Amati et al. 2001; Cole and Nikiforov 2006) .
ORTHOLOGS OF Myc, Max, AND Mnt

GENES IN DROSOPHILA
Identification and analysis of myc, max, and mxd/mnt homologs in Drosophila melanogaster (denoted dmyc, dmax, and dmnt, respectively) have proven useful in revealing the functions of these genes in both flies and vertebrates (Gallant et al. 1996; Schreiber-Agus et al. 1997; Loo et al. 2005 ; for recent review, see Gallant 2006) . Drosophila possesses only one version of each gene, in contrast to the extensive vertebrate myc and mad gene families, thereby facilitating genetic analysis. Like their vertebrate orthologs, the dMyc and dMnt proteins heterodimerize with dMax, bind CACGTG, and activate (in the case of dMyc-dMax) or repress (in the case of dMntdMax) transcription. In addition, dmyc has been demonstrated to effectively rescue proliferation in c-myc null cells (Trumpp et al. 2001 ; and our unpublished data) and cotransforms primary rat embryo cells (Schreiber-Agus et al. 1997) . dmyc is an essential gene involved in cell growth and endoreplication, oogenesis, and apoptosis (Gallant et al. 1996; Schreiber-Agus et al. 1997; Johnston et al. 1999; Maines et al. 2004; Pierce et al. 2004) . dmnt has recently been shown to be a nonessential gene that functions to limit cell growth (Loo et al. 2005) . In addition to conservation of the Max network components themselves, key elements of the machinery that regulates their function are also conserved. For example, mammalian Myc proteins are targeted for ubiquitination and proteasome-dependent degradation by the Fbw7-SCF complex (Welcker et al. 2004a,b; Yada et al. 2004) whereas in Drosophila the Fbw7 homolog Archipelago carried out the same function for dMyc (Moberg et al. 2004) . Interestingly, although the ubiquitin ligase Skp2 has been suggested to target mammalian Myc for degradation (Kim et al. 2003; von der Lehr et al. 2003) , the Skp2 homolog in flies is not involved in turnover of dMyc (Moberg et al. 2004 ).
WIDESPREAD GENOMIC BINDING BY DROSOPHILA Myc/Max/Mnt PROTEINS
A major problem in understanding Myc function in both normal and neoplastic cells has been to delineate the number and nature of the genes that it regulates. Because Myc expression or overexpression causes profound effects on multiple cellular processes, it is not surprising that expression microarray studies have collectively identified Myc-associated expression changes in a large number (~5%) of cellular genes (see Zeller et al. 2003 ; for an updated list of Myc target genes, see www.myc-cancergene.org/). Modulation of the expression of many of these genes might be considered as only due to an indirect or downstream effect of Myc on the biology of the cell. However, regulation of a large number of these genes by the inducible Myc-ER system was insensitive to cycloheximide, suggesting that Myc is directly influencing their expression.
To define genomic binding sites for Myc, we employed the recently described DamID method (van Steensel and Henikoff 2000; van Steensel et al. 2001 van Steensel et al. , 2003 Greil et al. 2003) . In this approach, a DNA-binding protein is fused to the bacterial DNA adenine methyltransferase (Dam). Such fusion proteins have been previously shown to methylate adenine in the sequence GATC within 1.5-2 kb of the binding site (van Steensel and Henikoff 2000) . The location of the factor-binding sites can be determined by methylation-sensitive restriction enzyme cleavage of the genomic DNA followed by microarray analysis. In our experiments, we expressed low levels of either DamdMyc, dMax-Dam, or dMnt-Dam in Drosophila Kc cells and isolated 0.1-2 kb DNA fragments produced by digestion with DpnI (which cuts only at Gm6 A-T-C, the target sequence for Dam methylation). The Cy5 fluorochrome-labeled DNA fragments from cells expressing the Dam fusion proteins were mixed with Cy3-labeled fragments isolated from cells expressing Dam alone and hybridized to a Drosophila cDNA array containing 6255 cDNAs and ESTs. The Cy5:Cy3 fluorescence ratio from multiple experiments was used to establish a statistically significant set of targeted regions. We found that 15.4% of Drosophila coding regions (968 of 6255 elements on the array) were associated with one or more of the three dMax-network proteins (Orian et al. 2003) . Interestingly, whereas many genomic loci exhibit binding by the three network proteins, a significant number of loci appeared to be targets for a subset of the network factors (see below). dMyc/dMax/dMnt-binding sites are extensively distributed over the four major Drosophila chromosomes. However, binding was not random-repetitive elements often associated with pericentric heterochromatin and HP1 binding (the latter also determined using the DamID assay [van Steensel et al. 2001] ) were largely devoid of dMyc/dMax/dMnt-binding signal. Furthermore, statistical analysis demonstrated that binding by these factors strongly correlates with the presence of the E-box sequence CACGTG, the previously determined binding site for Myc network proteins (see above). Significant association of dMyc-binding sites with the E-box sequences only occurred in the presence of coexpressed dMax. Other sequence motifs also appear to correlate with binding. These include the binding sites for DREF (DNA replication element factor), the transcription factor Cut, and BEAF32 (a boundary element-associated factor). It remains unclear what role the association of Max network proteins with these sites might play. However, given, for example, the well-established association of mammalian comparison between the larval expression array data and the DamID-binding data mentioned above and provides support for the notion that dMyc can interact with regions that are not constitutively transcribed.
dMyc ASSOCIATES WITH REGIONS OF ACTIVE CHROMATIN
The association of dMyc binding with coding regions in the DamID experiments, as well as detection of dMyc and active RNA polymerase II in interband, non-heterochromatic regions of polytene chromosomes, suggests that dMyc is largely present in regions of active chromatin. To further explore this idea, we carried out immunostaining with antibodies against acetylated Lys-9 in histone H3 (H3-Ac-K9) and dimethyl Lys-9 in histone H3 (H3-diME-K9). These histone modifications correlate with either active chromatin, in the case of H3-Ac-K9, or inactive chromatin, in the case of H3-diME-K9 (Berger 2001; Turner 2002) . We first examined nurse cells and follicle cells within the Drosophila ovariole. Both of these cell types exhibit distinct staining patterns with antibodies against H3-diME-K9 and against H3-Ac-K9 ( Fig. 2A-D) . Anti-H3-diME-K9 predominantly stains one discrete region near the periphery of each nurse or follicle cell nucleus ( Fig. 2A,C) . In contrast, anti-H3-Ac-K9 stains most of the nucleoplasm in both nurse and follicle cells (Fig. 2B,D) . Immunostaining with a monoclonal antibody against dMyc shows a distribution similar to the nucleoplasmic staining with anti-H3-Ac-K9 ( Fig. 2A´-D´ ). This is confirmed in the merged images shown in Figure 2A´´ -D´´: dMyc largely overlaps with H3-Ac-K9 but shows diminished overlap or exclusion from areas occupied by H3-diME-K9.
dMyc is known to be expressed during oogenesis in Drosophila, and hypomorphic mutations in dmyc result in degeneration of the ovaries (Gallant et al. 1996) . Figure  2E -E´´ shows H3-Ac-K9 and dMyc at several stages of ovary development. As shown previously, dMyc can be detected in the germarium, one of the earliest stages in oogenesis (Fig. 2E´ , asterisk). H3-Ac-K9 can also be detected at this stage and partly overlaps with dMyc expression ( Fig. 2E-E´´) . At later stages, both dMyc and H3-Ac-K9 levels appear to diminish but then increase at more advanced stages, where they are both evident in nurse and follicle cells. dMyc and H3-Ac-K9 can be detected in follicle cells at late stages (note intense overlap in the peripherally staining cells in Fig. 2E´´ ). Although dMyc remains detectable in later-stage nurse cells, H3-Ac-K9 staining is markedly diminished at later stages. However, the oocyte nucleus appears to have high H3-Ac-K9 levels but almost no detectable dMyc. Therefore, although H3-Ac-K9 and dMyc staining are coincident in many situations, they can be uncoupled. These changes are consistent with the predicted periods of high and low transcriptional activity during oogenesis. One possibility is that even transient dMyc expression could act to generate a more stable state of increased acetylation. Our results indicate that dMyc is frequently associated with active chromatin, but the relationship between dMyc and H3-Ac-K9 is dynamic.
Myc-Max heterodimers with Miz-1, it is likely that association of dMyc and dMnt with other factors, either as heterodimers with Max or as monomers, could direct the targeting of dMax network proteins to non-E-box sites.
Because a large fraction (48.6%) of the genes found associated with all three dMax network proteins displayed altered expression in response to dMyc in microarray analysis of third-instar larvae (Orian et al. 2003) , it seems likely that many of the binding regions are functional. Binding regions that do not correspond to genes displaying altered expression may represent genes whose expression is simply not regulated in the larval stage analyzed, perhaps because cooperating factors, as yet unknown, are absent. Alternatively, binding at a particular site could serve another purpose.
LOCALIZATION OF dMyc BY IMMUNOSTAINING OF DROSOPHILA POLYTENE CHROMOSOMES
An important finding of the DamID study is the extensive binding displayed by the dMax network proteins. Nonetheless, our assessment that 15% of Drosophila genes are bound by dMax network members is likely to be an underestimate because the array used in our analysis contained cDNAs, thus permitting detection only of binding segments that happen to overlap with an encoded region. Binding of dMax network proteins to intergenic, intronic, or upstream promoter regions would not have been detected in the assay. To obtain another view of dMyc association with genomic DNA, we used an anti-dMyc polyclonal antibody to immunostain Drosophila polytene chromosomes (see Bianchi-Frias et al. 2004) . Figure 1A shows dMyc (red) and DAPI (blue) staining of a third-instar larval salivary gland chromosome. dMyc appears to be bound to multiple chromosomal segments throughout the length of the chromosome and, in general, appears to be associated with most interband regions. The dense DAPI bands largely represent more condensed chromatin domains. Figure 1B shows staining by antibody against the Hairy transcription factor, another bHLH class protein.
Hairy binding is intense in several regions but is considerably less widespread than dMyc, a conclusion supported by the merged images (Fig. 1C) as well as by a DamID study with Hairy (Bianchi-Frias et al. 2004) . A more detailed image of a more fully spread anti-dMyc stained chromosome is shown is Figure 1D (green). Co-staining of the chromosome with antibody against phosphorylated Ser-5 within the carboxy-terminal domain (CTD) of RNA polymerase II (red) is shown in Figure 1E , with merged images in Figure 1F . This phosphorylated form of RNA polymerase II (Upstate Biotechnology) is associated with an actively transcribing form of the polymerase. It is evident that both the phospho-CTD staining and the dMyc staining occur extensively throughout the chromosome, again in interband, less condensed, regions and that there is considerable overlap between dMyc and active RNA polymerase II. However, there is also clear evidence of anti-dMyc staining to regions that do not stain with antiphospho-CTD (Fig. 1F merged image and Fig. 1F´ , higher magnification merged image). This is consistent with the 
dMyc IS NOT ASSOCIATED WITH THE bobbed rDNA LOCUS
The DamID study and expression microarray analysis indicate that dMyc binds to multiple sites in the genome in a manner that is associated with transcriptional stimulation of many genes (Orian et al. 2003) . In general, most of the genes analyzed in both Drosophila and mammalian systems are those transcribed by RNA polymerase II. However, recent work in mammalian cells has provided evidence that among the genes regulated by cMyc are those that are also transcribed by RNA polymerase I and III. Stimulation of transcription of a subset of small RNAs, many of which are involved in translation, mediated by RNA polymerase III occurs through association of c-Myc protein with the basal transcription machinery and does not involve direct binding of Myc protein to DNA (Gomez-Roman et al. 2003) . In contrast, c-Myc can be detected in nucleoli and binds to multiple E-box sites clustered within the human rDNA regulatory regions and interacts directly with the SL1 subunits of the RNA polymerase I complex, resulting in a marked stimulation of rRNA transcription (Arabi et al. 2005; Grandori et al. 2005) . In mammalian cells there is also evidence that c-Myc regulates rRNA abundance indirectly through such targets as UBF (Poortinga et al. 2004 ), fibrillarin (Coller et al. 2000) , and Bop1 (Holzel et al. 2005) .
In Drosophila, dMyc has been shown to be required for rRNA synthesis and ribosome biogenesis during larval development. However, no direct binding of dMyc to Drosophila rDNA genes is detected in DamID analysis or chromatin immunoprecipitation experiments (Grewal et al. 2005 ; S. Grewal, pers. comm.) . Instead, it appears that dMyc indirectly regulates fly rDNA expression entirely through up-regulated transcription of target genes that are involved in ribosome biogenesis. These include the critical RNA-polymerase-I-associated factor dTIF-IA and the Myc AND CHROMATIN 5
Figure 2. Myc occupies genomic regions that correlate with active chromatin. Immunostaining of Drosophila nurse cells (A-B´´), follicle cells (C-D´´), and during oogenesis (E-E´´).
(A-A´´, C-C´´) dMyc binding is excluded from genomic loci associated with inactive genes. dMyc expression is depicted in green. H3-diME-K9, a marker of inactive chromatin, is shown in red. The lack of overlap in expression is shown in the merged image (lack of yellow staining; A´´, C´´). (B-B´´, D-D´´) dMyc binding correlates with genomic regions associated with active chromatin. dMyc expression is depicted in green. H3-Ac-K9, a marker of active chromatin, is shown in red. The overlap in expression is shown in the merged image (extensive yellow staining; B´´, D´´). (E-E´´) The pattern of Ac-H3-K9 (red; E) correlates with dMyc protein expression (green; E´) during Drosophila oogenesis. dMyc expression is observed early in the germarium (*). Regions of overlapping expression are depicted in yellow (merged image; E´´). The oocyte nucleus is highly acetylated and is marked by a white arrow (E´´).
second largest subunit of RNA polymerase I, RpI135, as well as multiple genes involved in rRNA processing and ribosomal proteins (Grewal et al. 2005) . Consistent with the above findings, our immunostaining of Drosophila polytene chromosomes failed to detect association of dMyc with the rRNA encoding bobbed locus in the 20F region of the X chromosome. This lack of dMyc binding is striking, especially considering the extensive association of dMyc with regions adjacent to bobbed on the same chromosome (Fig. 1G,H) . It is important to note that rDNA is actively transcribed in salivary glands at this stage of larval development (Karpen et al. 1988) . These data underscore an interesting divergence of molecular function between the Drosophila and mammalian Myc proteins. In both systems, Myc proteins control ribosome biogenesis indirectly by influencing expression of genes involved in rRNA transcription and processing and its assembly into ribosomes. However, in mammalian cells c-Myc has acquired the additional function of stimulating pre-rRNA abundance through direct association with the RNA polymerase I transcriptional apparatus. Because Drosophila rDNA genes lack canonical E-boxes (Grewal et al. 2005) , whereas mammalian rDNA genes contain multiple E-boxes (Arabi et al. 2005; Grandori et al. 2005) , it is possible that mammalian rDNA transcription units have evolved to take advantage of c-Myc transcriptional activity.
dMnt INHIBITS rRNA TRANSCRIPTION
As described above, our DamID analysis demonstrated a striking overlap between binding sites for dMyc and dMnt. dMnt is the single Drosophila ortholog of mammalian Mxd/Mnt proteins (Orian et al. 2003) . This is consistent with limited chromatin immunoprecipitation data in mammalian cells which demonstrated that c-Myc and Mxd1 (Mad1) have the same binding sites in the cyclin D2 promoter (Bouchard et al. 2001 ). In addition, T cells overexpressing Mxd1 were found to down-regulate a large number of genes, 80% of whose expression was previously known to be up-regulated by Myc (Iritani et al. 2002) . Indeed, there is considerable evidence that mammalian Mxd/Mnt and Drosophila dMnt proteins antagonize Myc's biological functions relating to growth, proliferation, transformation, and apoptosis (Lahoz et al. 1994; Cerni et al. 1995; Chen et al. 1995; Koskinen et al. 1995; Roussel et al. 1996; Loo et al. 2005 ). This antagonism is likely to occur in part through competition for available Max protein and for E-box-binding sites (Walker et al. 2005) , as well as through the opposing transcriptional activities of Myc-Max and Mxd-Max heterodimers. The transcriptional repression activity of Mxd and Mnt proteins is mediated by association with mSin3-HDAC corepressor complexes (for review, see Ayer 1999; Knoepfler and Eisenman 1999) , and the sole Drosophila homolog, dMnt, has been shown to bind dSin3 and to function as a repressor at promoter-proximal E-boxes (Loo et al. 2005) .
Because dMyc stimulation of rRNA transcription is a critical function related to cell and organismal growth in Drosophila, we tested whether dMnt would abrogate rRNA transcription. UAS-dMnt was expressed as a transgene under control of an engrailed-Gal4 driver. This driver results in dMnt transgene expression in the posterior compartment (P) of the wing imaginal disc. The amount of rRNA transcription is assessed by in situ hybridization with a probe to the internal transcribed spacer region which only detects the uncleaved precursor rRNA. Because the engrailed driver is not expressed in the anterior portion (A) of the disc, this region serves as a control. Figure 3 shows that the levels of pre-rRNA signal are markedly lower throughout the posterior compartment. These findings indicate that expression of dMnt results in down-regulation of pre-rRNA synthesis, consistent with the notion that dMnt antagonizes dMyc's growth-stimulatory effects (Loo et al. 2005) . More detailed expression array analysis will be required to determine specifically which dMyc targets are down-regulated by dMnt expression.
CONCLUSIONS
We have presented evidence suggesting that the Drosophila dMyc transcription factor exhibits widespread binding to Drosophila genomic DNA and that many binding sites are associated with actively transcribed regions of chromatin. This was initially demonstrated in the DamID analysis, which indicated that dMax network proteins associate with approximately 15% of Drosophila coding regions on all four major chromosomes (Orian et al. 2003) . We surmise that this number is likely to be an underestimate because our approach only detected binding regions located within coding regions and would have excluded intronic and intergenic regions. Our immunostaining of polytene chromosomes shown in Figure 1 provides further support for this idea, since nearly all interband regions appear to be associated with dMyc. Additionally, a majority of regions with actively transcribing RNA polymerase II coincide with the antidMyc stained areas, a result consistent with expression array analysis showing that nearly half of dMyc-binding sites correspond to genes whose expression is regulated by dMyc (Orian et al. 2003) .
Evidence that dMyc binding and gene regulation are widespread has not been confined to Drosophila. Chromatin immunoprecipitation assays in human cells have Figure 3 . dMnt inhibits rRNA synthesis. An en-Gal4 driver was used to express a dMnt transgene in the posterior (P; right half) compartments of wing imaginal discs. Wing discs were analyzed for levels of pre-rRNA by in situ hybridization using a probe to the internal transcribed spacer (ITS1) region of the precursor RNA. The arrowheads represent the A-P posterior border, posterior to the right.
shown that c-Myc is associated with 8-10% of coding regions and that many of these regions display augmented histone acetylation (Fernandez et al. 2003) . Furthermore, array analyses of chromatin immunoprecipitates (ChIPchip) have confirmed widespread binding by Myc Cawley et al. 2004 ), leading to a prediction of 24,000 binding sites in the human genome for c-Myc (Cawley et al. 2004 ).
The nuclear staining experiments shown in Figure 2 also provide support for the view that dMyc is largely present in active regions of chromatin. dMyc immunostaining occurs throughout the nucleoplasm, coinciding with H3-Ac-K9, a mark of active chromatin. Importantly, the pericentric heterochromatic regions of the nucleus marked by H3-diMe-K9 are devoid of dMyc staining. Therefore, the DamID studies, and the chromosomal and nuclear immunostaining experiments together, argue that dMyc binding is widespread and correlates with active gene expression. It is important to note, however, that significant amounts of dMyc chromosomal staining do not overlap with anti-phospho-CTD RNA polymerase II immunostained regions (Fig. 1D-F) , raising the possibility that dMyc can occupy specific sites which are not undergoing active transcription. Such sites may represent regions that, although transcriptionally inactive, have the potential to be activated or require a component not dependent on the phospho-CTD. Alternatively, they may simply be sites that dMyc occupies without exerting a transcriptional response.
Taken together, the evidence relating to widespread binding and gene activation by both Drosophila and mammalian Myc proteins prompts a reassessment of Myc protein function. The view that Myc functions as a standard transcription factor targeting a discrete subset of genes is unlikely to be correct. Instead, Myc can perhaps be considered as a more global DNA-binding protein affecting the transcription or the transcriptional potential of a large number of genes. This view is consistent with the very profound effects on cellular behavior and oncogenesis associated with Myc expression, in that its proximity to such a large number of coding regions implies a direct regulation of many targets, particularly those involved in cell growth. Although less is known about the Mxd/Mnt proteins, our DamID data and the strong effects of dMnt expression on rRNA synthesis make it likely that Mxd/Mnt antagonize Myc activity at many gene targets. To what extent the difference in the ability of vertebrate and invertebrate Myc proteins to directly regulate rRNA transcription accounts for the ability of vertebrate Myc proteins to regulate proliferation and oncogenesis in addition to growth remains an open question. Another important question now under study is whether the widespread binding of Myc occurs as a result of changes in chromatin structure or whether Myc binding itself acts to dictate chromatin structure over large regions of the genome.
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